Abstract-A photonic structure is proposed to implement a chirped single-bandpass filter based on a broadband optical source, an inteferometric structure, and a nonlinear dispersive element. The ability of controlling a quasi-linear chirp in the passband by using the dispersive element in addition to the possibility of tuning and reconfiguring the passband by means of a proper configuration of the interferometric structure and the optical source are special and unique features of the system proposed. Moreover, the flexibility of the proposed filter permits us to achieve an operation range up to tens of gigahertz improving the chirp achieved by current proposals in one order of magnitude.
I. INTRODUCTION
M ICROWAVE photonic filters are considered key elements in processing and control microwave and millimeter-wave signals. They profit from the inherent advantages of Microwave Photonics: low loss, small size, tunability, reconfigurability and immunity to electromagnetic interferences (EMI) [1] . Specifically, photonic processing of Radio-Frequency (RF) signals achieves a full potential in Radio-over-Fiber (RoF) systems since they employ different components already available for the transport and distribution by optical fibers. Most of the reported microwave photonic filters are based on the implementation of a given amplitude response without exploiting the phase response as an additional degree of flexibility to fully control the filtering properties [2] , [3] . However, chirped filters which feature a linear group delay (quadratic phase) response are required in application fields such a spread-spectrum communications [4] , high performance radar systems [5] or real-time spectrum processing [6] . Manuscript Different technologies have been experimentally proposed in the literature to implement this kind of filters by means of chirped delay lines as. They include, for instance surface acoustic wave (SAW) structures [4] and, most recently, microstrip structures [6] . Nevertheless, their maximum group delay slope achieved is in the order of 2 ns/GHz with a central frequency restricted up to 15 GHz because of limitations imposed by the propagation losses [7] .
In order to increase the frequency operation range, several approaches have been recently proposed both in the electrical and the optical domain [8] - [10] . In the electrical domain, substrate integrated waveguides (SIW) have been experimentally demonstrated as chirped delay lines achieving an operation frequency up to tens of GHz [8] . On the other hand, the implementation of chirped filters in the optical domain is becoming an interesting solution due to inherent advantages as tuning and reconfigurability. In this sense, approaches for obtaining a linear chirp have been experimentally demonstrated using spatial light modulators and optical disperser [9] or a nonuniformly-spaced photonic microwave delay-line filter with a multiwavelength source [10] . Nevertheless, in these cases the group delay slope is reduced substantially featuring a maximum value on the order of a hundred of ps/GHz, limiting the performance in real-time spectrum analysis systems which need a high chirp. Specifically, a high chirp improves the operation of Fast Fourier Transformers where the time width of the input signal must be restricted to [6] . These devices are a key element for systems in which a signal must be analyzed [6] or processed [11] in real-time.
In this letter, we propose a structure to implement a microwave photonic filter featuring a linear group delay characteristic. Our proposal implements a tunable single-bandpass filter where the electrical group-delay presents a quasi-linear behavior within the passband, achieving a frequency operation range up to tens of GHz and improving in one order of magnitude the chirp value as compared to the approaches previously reported. In addition, a theoretical analysis has been carried out which permits to support the experimental results and propose a qualitative description. We show the filter capabilities in terms of tunability, reconfigurability and chirp control improving previous experimental results reported in [12] .
II. SYSTEM PERFORMANCE
The setup shown in Fig. 1 corresponds to the chirped filter proposed which is based on a broadband optical source, an interferometric structure and a nonlinear dispersive element. The principle of operation is based on the slicing of an optical signal by means of a Mach-Zehnder Interferometer (MZI) to obtain 1041-1135/$26.00 © 2011 IEEE the filter samples. Since this sample has not a discrete distribution, the Free Spectral Range (FSR) tends to infinity given a single-bandpass. Then, the sliced signal is amplitude modulated by a Mach-Zehnder Modulator (MZM) operating in the linear region with a RF-signal coming from a Microwave Networks Analyzer. Next, the modulated signal is launched into a nonlinear dispersive element that introduces the temporal difference between filter samples. The nonlinear dispersion produces a different delay between the samples of the filter giving the chirped behavior. Finally, the optical signal is detected by a photodetector (PD) and introduced into the Microwave Network Analyzer input.
In our case, the optical source is formed by an 80 nm BroadBand Source (BBS) and an Optical Channel Selector (OSC) composed of 48 channels with a wavelength separation of 0.8 nm and centered at 1546.9 nm. The attenuation of each channel can be independently set for obtaining the required optical power spectrum distribution. The MZI is based on two 50/50 couplers and a Variable Delay Line (VDL) placed in one of the interferometer arms to control the optical delay ( ) between them. The nonlinear dispersive element used is a single mode fiber link (SMF) with a length of characterized by a first order dispersion ( ) and a dispersion slope ( ) where intrinsic parameters, and , present values of ps Km and 0.13 ps Km, respectively.
In order to show the flexible performance of the proposed structure different filter responses have been implemented in Fig. 2 . The complexity of the theoretical analysis does not allow one to obtain an analytical expression for the filter transfer function. However, its main parameters can be obtained by a qualitative analysis that is very useful to describe the behavior of the system from the central frequency of the filter in [3] . Fig. 2(a) and (c) show the amplitude responses for two chirped filters when the dispersion ( ) is 100 and 1000 ps and the optical delay is set to 7.91 and 78.9 ps, respectively. The passbands are centered at the same frequency of 12.5 GHz. This frequency is given by the expression [3] : (1) In both cases, the OCS is adjusted to generate a 38.4 nm width uniform profile of the optical source as shown in inset of Fig. 1 . The passband bandwidth is around 2.5 GHz for both chirped filters. This is a consequence of the bandwidth ( ) is just dependent on the optical source bandwidth and the ratio when central frequency is fixed as described by the following expression:
On the other hand, Fig. 2(b) and (c) also show the electrical group-delay response . In both situations, is characterized by a quasi-linear behavior with slopes of ns GHz and ns GHz. Note that the electrical group-delay slope inside the passband increases when the dispersion is also increased. In fact, the dependence of the chirp parameter ( ) on the passband central frequency and the dispersion introduced in the system ( ) can be approximated by: Fig. 2(b) and (d) also show group delay ripples (GDR) around the mean value. In order to quantify the chirp linearity, a ratio between the maximum delay and the ripples amplitude ( ) is defined obtaining values of 7 and 24 for Fig. 2(b) and (d) , respectively. In this way, it can be seen that the group delay linearity of the filter improves for high chirps.
As observed in Fig. 2 , a good agreement is found between the experimental (solid line) and theoretical (dashed line) results validating the numerical analysis carried out. Moreover, the qualitative analysis determines that the necessary condition for obtaining a chirped group delay is [3] .
III. EXPERIMENTAL DEMONSTRATION OF FILTER CAPABILITIES
In this section the main potentialities of the proposed filter configuration such frequency tuning, bandwidth reconfigurability and chirp control are shown and discussed. (1) . The optical source power distribution has been set to a 38.4 nm uniform profile as shown by the inset of Fig. 1 and the total dispersion has been fixed. The tuning capability of the filter can be extended to higher frequencies according to the time delay difference achievable between MZI arms.
The bandwidth reconfigurability is also shown by increasing the number of the channels in the OCS maintaining the optical source profile. A dispersion of 770 ps is introduced in the system and the passband is tuned around 12.5 GHz by means of the MZI. Fig. 3(b) shows the relationship existing between 10-dB bandwidth of the passband and the width of the optical source. We can observe a linear relationship between both magnitudes with a slope of 0.07 GHz/nm. Again, the experimental results and the theoretical prediction are plotted showing an excellent agreement.
The control of the chirp by the total dispersion introduced in the system has been also proved. In order to show this feature, we measured the slope of the electrical group delay for a set of different dispersion values from 100 to 1000 ps . In all cases the MZI has been adjusted to tune the passband around 12.5 GHz and the optical source profile is maintained as shown in the inset of Fig. 1. Fig. 3(c) shows the relationship between the dispersion introduced in the system and the chirp within the passband. The experimental results ( ) show that the slope of the electrical group-delay follows a linear behavior so that the chirp is increased from 1.5 to 12.6 ns/GHz. The theoretical prediction according to (3) has been included showing a good agreement with the measurements. Note that the use of broadband Fiber Bragg Gratings permits to achieve a compact solution reducing the optical losses when high dispersion values are required [13] .
IV. CONCLUSION
In this letter, we have proposed a novel microwave photonic filter with a chirped single bandpass. Its performance has been experimentally demonstrated and theoretically analyzed with excellent agreement between both results. The obtained results show the system potentiality in terms of the filter design parameters. We have demonstrated that: a) the central frequency, b) the bandwidth and c) the chirp of the filter can be controlled independently by means of the optical delay in the MZI, the optical source bandwidth and the dispersion induced in the system, respectively. In this way, we have experimentally shown a tuning range of 25 GHz and a control of the bandwidth from 0.5 to 2.5 GHz. Moreover, a quasi-linear chirp achieving a value of 12.5 ns/GHz has been also proved. Therefore, the system permits to overcome the limitation of current chirped filter proposals both in terms of the central frequency and chirp.
